In Split-SUSY models, where the only non-Standard Model states produceable at the LHC consist of a gluino plus neutralinos and charginos (EW gauginos), it is often stated that only mass differences among these latter are measureable. The present work demonstrates that, using a Hidden Threshold technique, full reconstruction of EW gaugino masses is possible.
Introduction
As data from the LHC is recorded and analyzed in this and the upcoming years, experimentalists will look for signatures of New Physics, in particular Supersymmetry (SUSY). The most well-studied scenario, in which SUSY alleviates the hierarchy problem with a low-energy (sub-TeV) spectrum of sparticles, entails copious production of squarks and gluinos (identified via their associated jets [1, 2] ) which cascade through numerous decay channels involving other sparticles (e.g. sleptons and EW gauginos) -the masses of these sparticles, whose precise values are crucial to understanding features of the underlying fundamental theory, may be reconstructed (at least partially) from measurements of various invariant mass endpoints in certain exclusive decay channels(e.g. [3] ). Of course it is entirely possible that the SUSY spectrum is far above the TeV level (or perhaps absent altogether), hence inaccessible to the LHC. In between the above two extremes, phenomenologically speaking, is the scenario where some of the sparticles are light, while others extremely massive and decoupled, "Split SUSY" [4] providing the most popular example.
At low energies, the Split-SUSY spectrum, aside from the established Standard Model (SM) particles and one light Higgs boson, contains only gauginos: four neutralinos ( χ i 0 , i = 1..4), two charginos ( χ j ± , j = 1, 2), and a gluino (g). The phenomenology of this latter has been thoroughly covered elsewhere (see [5, 6] ) and will not concern us here. The focus of the present study is rather on the former, EW gauginos. These cannot decay via squarks and sleptons, which are many orders of magnitude heavier, but must rather decay via a Higgs or EW gauge bosons (Z 0 , W ± ). If mass differences between EW gauginos are smaller than m Z or m W , they will undergo 3-body decays to quarks or leptons: e.g.
Dilepton pairs from the above off-shell Z decays will have an invariant mass distribution which cuts off sharply at m e
, so the usual conclusion from Split-SUSY studies is that only mass differences between EW gauginos are measurable at the LHC [6] .
The thesis of this work is that one can do much better than just find EW gaugino mass differences -the masses themselves can be reconstructed from a slightly more elaborate kinematic analysis. The crucial ingredient in this analysis is that EW gauginos must be pair-produced to preserve R-parity, so each SUSY event ( χ i ± χ j ∓ , χ i ± χ j 0 , or χ i 0 χ j 0 ) may contain multiple (as many as ten) hard leptons, the momenta of which, when contracted into numerous invariant masses, encode a great deal of information. This was previously overlooked in the literature, presumably because pairs of EW gauginos arising from hadronic collisions carry an uncertain center-of-mass (CM) energy, hence yielding final state leptons not amenable to the usual invariantmass endpoint analysis. The recently unveiled Hidden Threshold(HT) method [7] , however, deals precisely with this situation by, in a sense, integrating over the CM energy, which is bounded from below by the gaugino masses and from above by the machine (LHC) energy. While in [7] this was shown to work well for χ i 0 χ j 0 modes, the current paper extends the technique to χ 1 ± χ j 0 modes, which will prove to be quite useful in Split-SUSY phenomenology.
In the following, let us then proceed thusly: Section 2 will explain the HT method in the context of Split-SUSY EW gaugino decays; Section 3 will then test and confirm the feasibility of gaugino mass reconstruction in a Monte Carlo simulation; and finally, Section 4 will summarize these results and indicate how the analysis can be developed.
Hidden Threshold Technique for EW Gauginos
In Split-SUSY models, EW gauginos at the LHC can only be pair-produced in quarkquark s-channel processes through an off-shell W , Z, or γ:
Then, since each EW gaugino cannot decay through squarks or sleptons, but only through a Z 0 or W ± (or a light higgs h 0 , though this tends to be subdominant), it must decay among the following five tree-level 2 channels (taking m f
where the Z 0 or W ± could be on-or off-shell. The number of possible decay chains combining (1)-(3) and (4)-(8), even without distinguishing on-or off-shell intermediaries or considerating the rest of the decay chain, is already quite large (at the very least '15 choose 2' = 105); most of these, fortunately, will not be needed in the present study.
Chargino-Neutralino Modes
The most heavily-produced state in Split SUSY models is likely to be a charginoneutralino pair χ ± 1 χ 0 2 , since these sparticles are relatively light and well-mixed, where it is further assumed that they proceed to decay through an offshell 3 Z 0 or W ± to leptons (ℓ = e, µ):
2 Loop-level decays can also have phenomenological importance, e.g.
. 3 If decays occur through on-shell Z 0 and W ± , the signal is much more challenging to extract, being swamped by W Z and ZZ backgrounds. This case will be treated elsewhere [9] .
The endstate will therefore contain three leptons (of which two are OSSF) whose momenta p 1,2,3 can, in the spirit of [10] , be systematically contracted into three independent invariant masses 4 :
The problem now, to which the HT technique is ideally suited, is how to use the information contained in the above invariants to constrain the unknown masses m e 
Figure 1: Schematic of the kinematic configurations (with e ↔ µ as well) which minimize various invariant masses at threshold for (a) Chargino-Neutralino and (b) Neutralino-Neutralino modes (these particles decay at rest in this frame).
To simplify the discussion, assume we have a e + e − µ ± endstate (then the following will pertain to e ↔ µ as well). From relativistic kinematics, it is quite straigtforward to show that, for threshold production, when M e + e − ≡ (p e + + p e − ) 2 is maximal, M l2l is minimal when the kinematical configuration in Fig. 1a is attained: in the rest frame of the χ ± 1 and χ 0 2 , the electron and positron are produced back-to-back with maximal momentum along directions perpendicular to the muon, which also carries maximal momentum. The minimal value of M l2l is then given by , it is also easy to show that when M e + e − is maximal the minimum value of M l2l exceeds that of (14) ; logically, then, we can find M 
Neutralino-Neutralino Modes
Neutralino pair production (2) may also be significant, but only for unlike neutralinos, i.e. i = j, due to a suppression of the Z 0 χ 0 i χ 0 i coupling [6, 11] . Assuming again that the neutralinos decay through a 3-body decay as in (10), we now have an endstate described by four lepton momenta p 1,2,3,4 which can be analyzed via a set of seven invariant masses [10] , e.g.
among five others not needed for the present discussion. Going through the same argument above for χ ± 1 χ 0 2 modes, one finds that the threshold kinematic configuration in Fig. 1b , where M e + e − is maximal, forces M 4l and M 2l2l to attain the minima (with i ↔ j as well) . At face value it would appear that we could wildly overconstrain these masses, but we shall have to see in the next section how this performs in a realistic Monte Carlo simulation including backgrounds, detector effects, and so on.
Monte Carlo Test
Consider now for definiteness the Split SUSY parameter point considered in [6] with GUT-scale parameters
in addition to a symmetry-breaking scalem = 10 9 GeV. Integrating down to EW energies (Q = m Z ), all SUSY particles decouple except for the gauginos, which attain the spectrum shown in Table 1 ; this is consistent with LEP and dark-matter constraints. At LHC energies the dominant chargino-neutralino production channels would then be 5 χ ± 1 χ 0 2 (σ = 4650 pb) and χ ± 1 χ 0 3 (σ = 2099 pb), while the main neutralino-neutralino channel is χ 0 2 χ 0 3 (σ = 876 pb). LHC gaugino events (pp → χ 0 i χ 0 j , χ ± 1,2 χ 0 k , χ ± 1,2 χ ∓ 1,2 ) and SM backgrounds ZZ, W Z and W γ * (see [12] and [13] for a good discussion of these and others not necessary for this study), corresponding to 300 f b −1 integrated luminosity are then generated via the HERWIG 6.5 package [14] and run through a simplified detector simulator 6 . The following cuts are then employed, depending on the number of final leptons:
For 2-Lepton Endstates:
• Leptons must be isolated: no tracks of other charged particles are present in a r = 0.3 rad cone around the lepton, with less than 3 GeV of energy deposited into the electromagnetic calorimeter for 0.05 rad < r < 0.3 rad around the lepton.
• Leptons must be sufficiently hard: p ℓ T > 10, 8 GeV for ℓ = e, µ.
For 3-Lepton Endstates:
• Leptons must be isolated as above, but harder: p ℓ T > 15 GeV.
• Events must not contain jets whose energy exceeds 10 GeV. Jets are defined by a cone algorithm with r = 0.4 and must have |η j | < 2.4.
• Sufficient missing energy must be present in each event: / E T > 50 GeV.
For 4-Lepton Endstates:
• Leptons must be hard and isolated as for 2-lepton endstates.
• / E T > 20 GeV.
Though SM backgrounds are substantially reduced by these cuts, they still tend to far outnumber the SUSY signal events for 2-and 3-lepton endstates. We will see shortly there is no cause for worry, however, since SM backgrounds populate uninteresting regions of the relevant invariant mass plots, shown in Fig. 2 . First obvserve the large number of 2-lepton events in Fig. 2a : there are roughly 6 · 10 4 SUSY ℓ + ℓ − events plus 3 · 10 5 SM events (mostly sitting near the Z-pole, M ℓ + ℓ − ∼ 91 ± 10 GeV, not shown in the Figure) which, after subtracting wrongflavor e ± µ ± combinations (5 · 10 4 of these total), give us a dilepton invariant mass distribution that clearly identifies endpoints at M ℓ + ℓ − ∼ (40 GeV, 70 GeV). We may thus safely presume to be observing edges corresponding to the 3-body decays Turning now to 3-lepton events, SUSY events (e + e − µ + µ + µ − e ) number close to ∼ 400, after cuts, against nearly five times as many SM background events, but these latter are, in the 'M ℓ + ℓ − vs. M l2l ' plot shown in Fig. 2b , concentrated mostly up near the Z-pole again, and to a much lesser extent throughout the bulk of the plot -the 'envelope' of points upon which the sought-after M min l2l must lie is largely unaffected by backgrounds. The first such minimum, due to χ ± 1 χ 0 2 modes, lies along the line M ℓ + ℓ − = 38.8 GeV shown, and can be found to good precision, M min l2l = 36.7 ± 0.2 GeV, since the envelope is quite linear here. The other minimum from χ ± 1 χ 0 3 modes, which could similarly be found by drawing a line at M ℓ + ℓ − = 70.5 GeV, is not obtainable to better than a precision of several GeV, too gross for the purpose of mass reconstructions. As for the 4-lepton (e + e − µ + µ − ) signal, SUSY events (about 300) this time outnumber SM backgrounds (∼ 100), but the distribution of points in Fig. 3 is not clean enough for precision work -one can, however, very roughly measure the relevant minima as a check on the 3-body decay assumption. From the several points in the neighborhood of the M ℓ + ℓ − = 38.8 GeV line in Fig. 3, for Table 1 is quite good, though not expected to be perfect since, afterall, m e χ ± 1 and m e χ 0 2 differ by a few percent.
Discussion and Conclusion
The foregoing has shown that the HT technique can easily be applied to decays of pair-produced gauginos, here χ ± 1 χ 0 i and χ 0 i χ 0 j modes. At the parameter point studied, χ ± 1 χ 0 2,3 and χ 0 2 χ 0 3 modes had non-negligable rates, but these allowed precision measurement of the threshold endpoint (14) for χ ± 1 χ 0 2 decays only; reconstructing the relevant gaugino masses then required assuming m e χ ± 1 = m e χ 0 2 , though clearly this was not a bad assumption in light of the goodness of fit (20) . It is, of course, entirely possible that other Split-SUSY parameter points would give higher rates and thus allow us to extract minima for m e χ ± 1 = m e χ 0 3,4 as well. Not covered in this paper is the application of HT to other gaugino decay modes, e.g. χ ± 2 χ ∓ 2 or χ ± 2 χ 0 4 ; the kinematics are more complicated here, but the final state also contains more leptons, hence more invariant mass constraints. Also, if gauginos decay through an on-shell Z or W, or through a light Higgs boson, we can in principle use HT to look for useful invariant mass correlations (final state jets can then also be included in the formalism) [9] ; the method is quite flexible.
What other mass reconstruction methods are available for analyzing Split-SUSY gaugino decays? First consider the neutralinos. There are now an array of methods which, like HT, take advantage of the pair-production of neutralinos. One class of "Mass-Shell Techniques"(MST), represented in the work of [15] and [16] , essentially depends on maximizing the solvability of assumed mass-shell constraints in a given sample of events. This seems quite effective for on-shell decays 7 , but for the off-shell decay topologies in the present work these methods cannot be applied since there are not enough such constraints. Recently fashionable "transverse mass variable" methods [18, 19] , e.g. m T 2 , might be applied, though these are usually stated for symmetric decays. In one such development [20, 21] , for example, a "constrained 7 But see [17] for some important caveats. mass variable" m 2C proves quite powerful for χ 0 2 χ 0 2 modes (followed by off-shell decays such as (10)); though such modes are expected to be negligable in Split-SUSY scenarios, presumably m 2C could be applied to the case of unlike neutralinos χ 0 2 χ 0 3 as well. As for decay modes with charginos such as χ ± 1 χ 0 2 , the author is not aware of any work showing how to reconstruct all the unknown masses -perhaps the above techniques can encompass these modes as well, but there may be fundamental difficulties with extra invisible particles (neutrinos) in the decay products (e.g. MSTs would have too many unknown degrees of freedom in each event). Finally, there is the under-addressed question of multiple competing decay channels, e.g. when several different χ 0 i χ 0 j and χ ± 1 χ 0 j occur with similar rates. The case of χ 0 i χ 0 j yielding a e + e − µ + µ − endstate, in particular, is subject to a wedgebox analysis [22] to partially separate events according to decay topology, though this has not been (but should be) extensively tested for mass reconstruction methods which have so far only concentrated on a single channel. Note that in the HT method this separation is unecessary, since minima such as M min l2l or M min 4l for various channels lie on different points of the envelope in Fig. 2b or Fig. 3a , respectively. It seems quite natural that a combination of several techniques, e.g. 'transverse mass variable' + 'HT'+ 'wedgebox', will be necessary to both isolate relatively pure samples of a given decay and reconstruct unknown masses as best as can be done at the LHC.
In conclusion, then, this work represents the first extension of HT beyond the original application to neutralino-pair ( χ 0 i χ 0 j ) decays in [7] ; now chargino-neutralino modes ( χ ± 1 χ 0 j ) are also included 8 , here found to be of particular use in Split-SUSY models. The HT technique has the advantages of simplicity (relativistic kinematics) and robustness (works for multiple decay channels, even with backgrounds), which should make it a useful tool to experimentalists unravelling data from the LHC.
